Introduction
The rational design of different types of group 4 metallocenes to be used as olefin polymerization catalysts, after activation with methylalumoxane (MAO), has been the objective of a great number of scientific contributions. [1Ϫ5] Extensive studies have demonstrated the high degree of electronic and steric control provided by sterically demanding cyclopentadienyl ligands, making them powerful tools for producing convenient single-site catalysts for the known broad range of precisely functionalized, tacticitycontrolled, branched and block polymers and copolymers.
[6Ϫ8] The main targets of many of the studies have been the optimization of catalytic activity, stereospecificity and the modulation of the molecular weight of the resulting polymers. [9, 10] It is well-known that the presence of condensed benzene rings in the indenyl ligands of metallocene-type complexes induces a remarkable increase in their catalytic activity, and the addition of a 2-methyl substituent in their Cp rings reduces the incidence of β-elimination processes, providing a significant increase in the molecular weight of the polymer. In this regard the 2-methylbenz[e]indenyl ligand (MBI) is an excellent choice for this purpose. The isolation of the first group 4 metallocenes containing this ligand has demonstrated high performance in ethylene and propylene polymerization [11, 12] as well as in copolymerization processes using ethylene and octene [13] or ethylene/polar monomers such as 10-undecene-1-ol and allyl alcohol. [14, 15] Metal alkyl compounds are convenient models not only for olefin polymerization but also for other insertion and transmetallation reactions and as carbonϪcarbon bond formation precursors.
[16Ϫ18] Insertion of unsaturated substrates into metalϪalkyl bonds are basic reactions for which many synthetic, mechanistic and theoretical studies have been developed. [19] The migratory insertion of isocyanide has provided numerous iminoacyl complexes [20Ϫ24] and a solid knowledge of the steric and electronic effects of the ligands on the reactivity [25] and catalytic activity [9] of different systems.
We report herein the effect of the bulky MBI ligand on the stereoselectivity of the migratory insertion of 2,6-dimethylphenyl isocyanide into the metalϪalkyl bonds of new dialkyl metallocenes prepared from the dichloro derivatives reported recently. [26] We also report the results found from our studies of catalytic activity of these dichloro-metallocenes in the homopolymerization of ethylene and copolymerization of ethylene/1-hexene.
Results and Discussion
The dichloro ansa-zirconocenes [Zr{(η 5 -C 5 H 5 )EMe 2 (η 5 -2-MeϪC 13 H 7 )}Me 2 ] (E ϭ C: 1a, E ϭ Si: 1b) containing the MBI ligand were isolated previously [26] by reaction in toluene of ZrCl 4 (THF) 2 with the dilithium salts of the corresponding ϪCMe 2 Ϫ and ϪSiMe 2 -bridged indenyl-cyclopentadienyl derivatives, as shown in Scheme 1.
Scheme 1
The reaction of complex 1b with 2 equiv. of MgClMe gave dimethyl zirconocene [Zr{(η 5 -C 5 H 5 )SiMe 2 (η 5 -2-MeϪC 13 H 7 )}Me 2 ] (2) in high yield. However this type of dialkyl compound is not so easily accessible when bulky substituents are located at the cyclopentadienyl β-carbon of rigid ansa-metallocenes. The steric demands of the benzene rings attached to the α and β positions of the η 5 -cyclopentadienyl unit in the MBI ligand of complex 1b, make dialkylation difficult when bulky alkyl groups are used. In fact alkylation of 1b with two equiv. of MgCl(CH 2 Ph) gave low yields of the dibenzyl complex [Zr{(η 5 -C 5 H 5 )SiMe 2 (η 5 -2-MeϪC 13 H 7 )}(CH 2 Ph) 2 ] (3) which was always contaminated by significant amounts of the monobenzyl compounds. However complex 3 could be isolated in high yield as the unique component when K(CH 2 Ph) was used as the alkylating agent. Similarly, MgCl(CH 2 SiMe 3 ) has been extensively used [27, 28] to produce dialkyl derivatives of many metallocenes with free cyclopentadienyl ligands, whereas related ansa-metallocenes usually yield the corresponding monoalkyl compounds. [29] Consistently the dialkyl complex [Zr{(η 5 The enantiotopic face of the MBI ligand makes these dialkyl compounds, 2Ϫ4, asymmetric molecules with two nonequivalent alkyl groups. The 1 H NMR spectrum of 2 shows two singlets for the Zr-methyl groups, one shifted significantly highfield (δ ϭ Ϫ1.29) compared with the typical value (δ ϭ 0.09 ppm) observed for the other, which was in the range found for related methyl zirconocenes. [30] NOE experiments demonstrated that the highfield singlet is due to the methyl group located under the benzene ring attached to the indenyl moiety. Similar behavior was observed for the four doublets due to the two diastereotopic methylene protons of the benzyl (3) and methylsilyl (4) ligands. Two of the signals, corresponding to the alkyl group located under the ring-fused benzene, are shifted highfield (δ ϭ 0.18 ppm and 0.28 ppm for 3; δ ϭ Ϫ2.20 ppm and Ϫ0.94 ppm for 4) due to the anisotropic effect of the aromatic ring. However this anisotropic contribution was not observed in the 13 C and gHMQC NMR spectra (see Exp. Sect.). In addition, the 1 H NMR spectra of complexes 2Ϫ4 show the expected singlet for the MBI-methyl group, two singlets for SiϪMe, four multiplets for the C 5 H 4 ring and one singlet for the C 5 H(MBI) ring proton. All of the remaining MBI nonequivalent protons give the set of signals corresponding to two AB and ABCD spin systems.
Slow cooling at Ϫ30°C of a toluene solution of the dibenzyl complex 3 rendered appropriate crystals for X-ray diffraction studies. The X-ray structure of 3 is shown in Figure 1 with the atomic labeling scheme and selected bond lengths and angles are listed in Table 1 .
The coordination geometry of the zirconium atom is the typical distorted tetrahedron formed by the two ring centro- Figure 1 . Ellipsoid plot of compound 3 (50% probability level); hydrogen atoms have been omitted for clarity [12, 26, 31, 32] The most remarkable difference is the orientation of the two nonequivalent benzyl ligands. One is located above the plane (torsion angle Cp MBI ϪZr(1)ϪC(1)ϪC(11) 62.6°) while the other is located below (torsion angle Cp MBI ϪZr(1)ϪC (2)ϪC (21) 158.1°), with respect to the C(1)ϪZr (1)ϪC (2) plane. The benzyl ligand eclipsed by the MBI system positions the methylene C(2) under the benzene ring condensed to the indenyl moiety with the phenyl ring oriented towards the other Cp system, whereas the benzyl ring located on the open side, far away from the MBI system, has its phenyl ring directed towards the moiety with the MBI system using the wide space. In spite of these different orientations both benzyl ligands show ZrϪC distances [ZrϪC(1) 2.315(6) Å and ZrϪC (2) [31, 33] for other benzyl zirconium compounds with bulky Cp systems.
Reaction of diethyl ether solutions of the dialkyl complexes 2Ϫ4 with 1 equiv. of 2,6-xylyl isocyanide at room temperature gave the corresponding iminoacyl compounds These insertion reactions may lead to two diastereomers depending on which of the two nonequivalent alkyl groups migrate to the isocyanide ligand. The 1 H NMR spectra confirm that one unique diastereoisomer is obtained in all of these reactions, for which the signals due to the alkyl group located under the MBI system remain almost unmodified (7)] as expected for the migrated C-bonded alkyl ligand. NOE experiments on the methyl derivative (5) demonstrate that the highfield shifted singlet corresponds to the methyl group located under the MBI system, which is affected by the anisotropic effect of the aromatic ring.
Similar behavior is also observed in the 13 C NMR spectra which show significant lowfield shifts for all the signals due to the migrated alkyl group bound to the iminoacylic carbon atom, appearing at δ ϭ 22.2, 44.6 and 22.7 for 5, 6 and 7, respectively. All of the remaining 1 H and 13 C NMR signals show no significant changes.
The 1 H NMR spectrum of complex 7 represented in Figure 2 shows the typical pattern of signals observed for both dialkyl and iminoacyl complexes.
Therefore it is possible to conclude that the steric demands of the bulky MBI system have a significant effect on the high diastereoselectivity of all of these insertion reactions, although the electronic contribution demonstrated for related [MBI]-silyl-η 1 -amido zirconium complexes (work still in progress), [34] for which electronic effects are significantly important, cannot be discarded. However the spectroscopic data do not distinguish between the exo-N-coordinated iminoacyl formed under kinetic control and the usually more favorable endo-N-coordinated iminoacyl isomer formed under thermodynamic control. The endo-configuration was confirmed for complex 6 by X-ray diffraction studies of its molecular structure.
Appropriate crystals of 6 were isolated by slow evaporation of a C 6 D 6 solution. Figure 3 shows the X-ray molecular structure of 6 with the atomic labeling scheme. Selected bond lengths and angles are collected in Table 2 .
The pseudotetrahedral coordination of the zirconium atom is defined by the Cp, the Cp MBI , the benzyl methylene . Thus, the benzyl group adopts a geometry similar to that observed for the eclipsed benzyl group in compound 3.
The zirconium-carbon bond length [ZrϪC(2) 2.372(2) Å ] to the sp 3 methylene benzyl ligand is 0.06Å longer than that observed in complex 3 and longer than the distance to the sp 2 iminoacyl carbon atom [35] [ZrϪC(10) 2.231(2) Å ], which is in the range [2.164Ϫ2.363Å ] observed for related iminoacyl zirconium compounds. [21, 36] However the zirconium-nitrogen bond length [ZrϪN 2.2872(16) Å ] is slightly longer than those found in related zirconium iminoacyl compounds in the range 2.148Ϫ2.250Å . [37, 38] The double bond character of the iminoacyl C(10)ϪN bond is confirmed by the 1.281(3) Å distance, which is longer than usual for related zirconium iminoacyl compounds and close to that known for organic CϭN bonds [1.28Å ] . [35] All of these elongated bonds are consistent with the steric hindrance due to the bulky MBI ring and the benzyl and 2,6-xylyl substituents.
Both the iminoacyl N and the C(10) sp 2 atoms show a profoundly distorted trigonal planar disposition, although the sum of their angles is 360°. The distortion is mainly seen in the close C (10) 
Olefin Polymerization Results
The dichlorozirconocenes 1a and 1b, activated with a large excess methylalumoxane (MAO), were used as catalyst precursors for the polymerization of ethylene and copolymerization of ethylene/1-hexene. All experiments were carried out at 70°C in heptane for 15 min, under 4.0 bar of ethylene in a Büchi autoclave, with variable amounts of catalyst and a 10% toluene solution of MAO.
The reaction conditions, measured activities and properties of the resulting polymers are summarized in Table 3 and compared with data for [ZrCp 2 Cl 2 ] and [Zr(SiMe 2 Cp 2 )Cl 2 ] used as references.
Both catalysts 1a and 1b polymerize ethylene to give linear polyethylene with high activities. Complex 1b shows a catalytic activity four times higher than that observed for complex 1a (entries 1, 6) leading to a polymer of much Both metallocenes show higher catalytic activities (entries 1, 2 and 4, 7, 8) in the presence of the comonomer 1-hexene as a consequence of the known ''comonomer effect''. [39] In all cases incorporation of 1-hexene to the polymer chain is rather high for both catalysts, and is significantly higher (6.69%) for the methylene-bridged complex 1a with its more open bite compared to the silyl-bridged complex 1b. The process was always accompanied by a very significant decrease in molecular weight due to the favored β elimination produced by the presence of terminal 1-hexene inserted units.
In most cases the polydispersity is close to the typical value expected for ''single site'' catalysts, although occasional values higher than 3.0 are observed.
Experimental Section
General Considerations: All manipulations were performed under argon using Schlenk and high-vacuum line techniques or a glove box model HE-63. The solvents were pre-dried over sodium wire prior to purification by distillation under argon using the appropriate drying/deoxygenated agent: toluene, hexane and pentane (sodium-potassium alloy) and diethyl ether, THF (sodium-benzophenone). After being collected, the dried solvent was stored under argon in an ampoule over potassium mirrors or 4 Å molecular sieves (THF). Deuterated solvents from Scharlau were dried, degassed and stored over molecular sieves. C, H and N microanalyses were performed on a PerkinϪElmer 240B and/or Heraeus CHNϪO-Rapid microanalyzer. IR spectra were performed in nujol mulls on a PerkinϪElmer 883 spectrophotometer. NMR spectra, measured at 25°C, were recorded on a Varian Unity FT-300 ( 1 H NMR at 300 MHz, 13 [26] , Li(CH 2 SiMe 3 ) [40] and K(CH 2 C 6 H 5 ) [41] were prepared following the literature methods. 
Preparation of [Zr{

X-ray Structure Determination for Complex 3:
Orange crystals of compound 3 were obtained by cooling a concentrated toluene solution and a suitable sized crystal was mounted in a Lindemann tube and mounted on an EnrafϪNonius CAD 4 automatic four-circle diffractometer with graphite monochromated Mo-K α radiation (λ ϭ 0.71073Å ). Crystallographic and experimental details are summarized in Table 4 . Data were collected at room temperature. Intensities were corrected for Lorentz and polarization effects in the usual manner. No absorption or extinction corrections were made. The structure was solved by direct methods and refined by least-squares against F 2 (SHELXL 97). [42] All non-hydrogen atoms were refined anisotropically, and the hydrogen atoms were introduced from geometrical calculations and refined using a riding model with the exception of the hydrogens of the CH 2 groups which were found in the difference Fourier map. The hydrogen atoms of the disorder toluene molecule were not included.
X-ray Structure Determination for Complex 6:
Data were recorded using Mo-K α radiation (λ ϭ 0.71073 Å ), graphite monochromator and ω scans on a Nonius Kappa CCD diffractometer (see Table 4 ). The structure was refined anisotropically using the program 
